Abstract-The fabrication of Ce-doped fibers (CeDFs) is demonstrated by drawing-tower method employing rod-in-tube technique. The fluorescence spectrum of CeDFs with a 16-μm core exhibited a 160-nm broadband emission with 1.45-μm axial resolution. This CeDF may be functioned as a high-resolution light source for optical coherence tomography applications.
rod-in-tube (RIT) technique [6] , [7] . Therefore, the drawing tower technique equipped with RIT design could provide better uniformity and smaller diameter for the fabrication of ceriumdoped fiber (CeDF) .
In this study, we fabricated the CeDFs by employing a drawing-tower method with RIT techniques which has a better core diameter uniformity. To characterize the CeDFs, the refractive index, fluorescence spectrum, transmission loss, and axial resolution were measured and calculated. The highresolution transmission electron microscope (HRTEM) was employed to realize the poly-crystalline colloidal matter structure of CeDFs. The CeDFs developed by using the drawingtower technique provided a smaller core diameter of 16 μm, and exhibited an emission power density of 13.9nW/nm at a central wavelength of 555 nm. The measured axial resolution was able to achieve 1.45 μm. In the application of biomedicine, this axial resolution is much better than the 3.2 μm resolution of the super luminescent diode (SLD) light sources used in OCT [8] and overtook the 2.76 μm resolution of the Ni-doped fiber [9] . The side-lobes were exceptionally low as a result of the Gaussian-like shape of the spectrum of the broadband light source. The advantages of using CeDF as a light source in OCT come from both its broad spectral bandwidth and Gaussian-like spectral shape. This study shows that the CeDFs have the potential to be developed as the broadband source for ultrahigh resolution OCT systems.
II. FABRICATION OF CERIUM-DOPED FIBERS
An RIT method was used to assemble the Ce-doped YAG/silica preform. A single-crystalline <111> YAG rod doped with the 0.1 at% of Ce-ion was used as the core material of the preform. The initial dimension of Ce:YAG crystalline rod was 2-mm in diameter and 4-cm in length. A silica tube with an outer diameter of 20-mm and inner diameter of 2-mm was employed as the cladding of preform. The assembled preform was clamped to the chuck of the preform feeding unit of the drawing tower equipped with an internal pressure control. Figure 1 shows a schematic diagram of a Ce:YAG preform.
Due to the different thermal expansion coefficients between the Ce 3+ -doped YAG crystal and the silica, the heating temperature was risen slowly and steadily. The temperature increased from 1000 to 2000°C with a ramp rate of 20°C/min. The initial-dropping temperature was set at 2000°C when the first lump of preform was dropped. Then, the preform was 1041-1135 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. drawn into the Ce-doped fibers at approximately 1950°C by employing the fiber-drawing tower equipped with a graphite resistance furnace and a preform internal pressure control unit. The drawing speed was set at around 7 m/min. The utilization of internal pressure control on the preform helps with collapsing the tube at proper temperature and maintaining circularity of the core. The CeDFs were finally coated with dual layers of UV curable acrylate for maintaining a pristine surface during take-up and storage. Figure 2 shows the end surface of CeDF with a 16-μm core and a 125-μm cladding. Figure 3 , which is the lateral view of CeDF, shows great uniformity in the core diameter.
III. MEASUREMENTS AND RESULTS
Tens of meters of CeDFs have been drawn by using the fiber drawing tower method. The refractive index of CeDFs was measured by a confocal microscopy system with a 653-nm red laser. Figure 4 shows the refractive-index profile of CeDFs with ncore = 1.71 and ncladding = 1.46, respectively. Due to the inter-diffusion between Ce:YAG core and SiO 2 cladding, the refractive index of the core was smaller than that of the YAG.
For measuring the transmission loss of the CeDF drawn by an RIT design, a standard cutback technique was employed. A 20-cm-long CeDF was spliced with a multimode patch cord by a mechanical splicer for the measurement of the transmission loss. The average insertion loss of the splicer is under 0.2 dB. Then, the patch cord was connected to a broadband light source whose bandwidth was 400 to 800 nm. The output powers were measured from the samples of 20-cm, 15-cm, 10-cm and 5-cm in length respectively. The measured powers were divided by the length difference of 5-cm cutback in order to transfer into the dB/cm value. The transmission losses were 1.46 dB/cm and 0.54 dB/cm at 449 nm and 555 nm respectively, as shown in Fig. 5 . Owing to 4 f →5d orbital transition, the absorption band of Ce 3+ -ion is between 410-nm and 500-nm [10] , the peak around 449 nm, was attributed to the absorption of Ce 3+ -ion [10] . The fluorescence spectrum of a 15-cm CeDF pumped by a blue laser in wavelength of 446-nm with 200 mW showed a broadband emission with power density of 13.9 nW/nm at the central wavelength of 555 nm. The two emission bands were based on the Gaussian fitting of the energy gap from 5d to 2 F 5/2 and 2 F 7/2 , respectively, as shown in the dashed lines of Fig. 6 . The Ce:YAG mainly belongs to the luminescent materials with individual luminescent center. Luminescence is due to the transition between energy levels of the atoms as the luminescent center as Ralph R. Jacobs gave the energy-level diagram of Ce 3+ :YAG [10] . The Ce:YAG has a 4 f l ground configuration and two free-ion states of 2 F 5/2 and 2 F 7/2 . For the free-ion, the 5d electron of the exited 4 f 0 5d l configuration forms a 2 D term which is split into 2 D 3/2 and 2 D 5/2 states by spin-orbit coupling. Because the radial wave function for the excited 5d electron extended spatially well beyond the closed 5s 2 5 p 6 , which are strongly perturbed by the crystal field. The energy gap between 2 F 5/2 and 2 F 7/2 , as listed in Table I , was about E = 0.21eV which is verified by the energy-level diagram of Ce 3+ :YAG [10] . As seen in Fig. 5 , the strongest excitation and emission band in Table 1 are both associated with the lowest-lying 5d state which is affected by crystal field. The two emission bands which were 5d 1 → 2 F 5/2 and 5d 1 → 2 F 7/2 broadened and started to overlap, resulting in one Gaussian-like spectrum with broad emission band ranges from 510 nm to 680 nm at room temperatures (295 K).
To realize the structure of CeDF, a HRTEM (JEOL JEM-3010) equipped with a LaB6 electron gun operating at 300 kV was employed. The poly-crystalline colloidal matter structure of CeDF core is shown in Fig. 7(a) . Figure 7(b) shows the enlargement of the white squares in Fig. 7(a) . The melting process of crystal was two-step, which was from crystal to the hexatic phase and then hexatic to liquid phase [11] . In fact, the high density single crystalline structure of YAG was not easy to be obtained directly and became hexatic phase of poly-crystalline colloidal matter structure from quenching melt in optical fiber drawing process. The selected-area electron diffraction (SAED) pattern taken from Fig. 7(b) verified the identity of the hexatic phase, as shown in Fig. 7(c) . The measured fluorescence was weak as the Ce:YAG crystal was fully melted and the concentration of Ce-ion was significantly decreased in the high processing temperature of about 2000°C. However, it could be solved by using a fiber annealing process which can re-crystallize from the hexatic phase of short-range orientational order to the crystal phase of long-range one. This leads to the possibility of lower axial resolution and higher fluorescence intensity of the CeDFs.
Theoretically, the predicted axial resolution in air calculated from 0.44λ 0 2 / λ was about 1.50 μm which is the Fourier-Transform of fluorescent spectrum based on Wiener-Khintchine theorem [12] . The central wavelength λ 0 and the full width at half maximum (FWHM) λ detected at the position of the photodiode were 555 nm and 90.4 nm, respectively. The setup of coherence-length measurement is shown in Fig. 8 . A 446 nm blue laser with 200 mW was employed to pump the CeDF. The coherence signal and function was analyzed by the oscilloscope and computer. The CeDF exhibited a measured isotropic resolution of 1.45-μm in air, as shown in Fig. 9 . BL, blue laser; L 1 , 20× aspherical lenses; L 2 and L 3 , 10x long working distance color-corrected objectives; CeDF, Cerium-doped fiber; SP, splicer; M, mirror; S, sample; LS, linear stage; PD, photodiode; OSC, oscilloscope; PC, personal computer.
IV. CONCLUSION
In summary, the CeDFs with a 16-μm core and a 125μm cladding have been fabricated by using a drawing-tower with an RIT method. The benefit of using the drawing tower is better control on core diameter and fiber uniformity. The transmission losses were 1.46 dB/cm and 0.54 dB/cm at 449 nm and 555 nm, respectively. The peak loss of 410-500 nm was attributed to the absorption of Ce 3+ -ion. The CeDFs exhibited an emission from 510 to 680 nm with a power density of 13.9 nW/nm which was dominated by Ce 3+ Gaussian-like amplified spontaneous emission spectrum. For OCT system with a broadband emission exhibited a measured axial resolution of 1.45 μm in air. Therefore, the CeDFs may have the potential for being developed as a broadband light source of ultrahigh resolution OCT systems. In order to improve the fluorescence efficiency and axial resolution, a higher doping concentration of Ce:YAG rod should be chosen, and fiber annealing process may provide a refining process toward the formation of uniform nano-crystalline of CeDFs.
